Cordyceps militaris, which has been widely used in oriental traditional medicine. This compound has been shown to possess many pharmacological properties, such as enhancing the body's immune function, and anti-inflammatory, anti-aging and anticancer effects. In the present study, we investigated the apoptotic effects of cordycepin in human prostate carcinoma cells. We found that treatment with cordycepin significantly inhibited cell growth by inducing apoptosis in PC-3 cells. Apoptosis induction of PC-3 cells by cordycepin showed correlation with proteolytic activation of caspase-3 and -9, but not caspase-8, and concomitant degradation of poly (ADP-ribose) polymerases, collapse of the mitochondrial membrane potential (MMP). In addition, cordycepin treatment resulted in an increase of the Bax/Bcl-2 (or Bcl-xL) ratio, downregulation of inhibitor of apoptosis protein (IAP) family members, Bax conformational changes, and release of cytochrome c from the mitochondria to the cytosol. The cordycepin-induced apoptosis was also associated with the generation of intracellular reactive oxygen species (ROS). However, the quenching of ROS generation with antioxidant N-acetyl-L-cysteine conferred significant protection against cordycepin-elicited ROS generation, disruption of the MMP, modulation of Bcl-2 and IAP family proteins, caspase-3 and -9 activation and apoptosis. This indicates that the cellular ROS generation plays a pivotal role in the initiation of cordycepin-triggered apoptotic death. Collectively, our findings suggest that cordycepin is a potent inducer of apoptosis of prostate cancer cells via a mitochondrial-mediated intrinsic pathway and that this agent may be of value in the development of a potential therapeutic candidate for both the prevention and treatment of cancer.
Introduction
Prostate cancer is the most frequently diagnosed malignancy and the second most common cause of cancer death in men. It occurs predominantly in persons over 50 years of age (1), typically progressing at a slow rate (2) . Prostate cancer in elderly males accounts for 33% of all newly diagnosed malignancies among men in the United States (3) . Moreover, the number of patients with prostate cancer is increasing in Asia (4, 5) . Therefore, the exploration and development of novel and more effective antitumor agents for patients with prostate cancer are urgently needed.
Apoptosis is a highly regulated process of programmed cell death that plays an important role in the maintenance of cellular homeostasis. Disruption of this process represents a major contributing factor in the pathology of cancer. Thus, apoptosis activation has been considered a good target in cancer therapies (6, 7) . In general, apoptosis is regulated by pro-apoptotic and anti-apoptotic gene products, such as the Bcl-2 and inhibitor of apoptosis protein (IAP) family members, and executed through caspases and cysteine-aspartic proteases, chiefly via two major and inter-related pathways (i.e., the mitochondriadependent 'intrinsic' cytochrome c/caspase-9 pathway and the death receptor-mediated 'extrinsic' caspase-8 pathway) (8, 9) .
Apoptosis induction of human prostate carcinoma cells by cordycepin through reactive oxygen species-mediated mitochondrial death pathway
Caspase activation further leads to protein cleavage resulting in DNA fragmentation, chromatin condensation and cell shrinkage. Additionally, reactive oxygen species (ROS) play a key role in mitochondria-mediated apoptosis. Mitochondria are the prime source of ROS, which are byproducts of aerobic respiration (10, 11) . High levels of ROS in mitochondria can result in free radical attack of membrane phospholipids and cause mitochondrial membrane depolarization. This is an irreversible step, which is associated with the release of mitochondrial factors including cytochrome c, triggering caspase cascades (12, 13, 14) . Therefore, ROS plays an important role in mitochondria-mediated apoptotic pathway. Cordycepin, 3'-deoxyadenosine, is a major functional component in the Cordyceps militaris fungus (Fig. 1) (15,16) . Due to the absence of oxygen in the 30-position of its ribose moiety, the incorporation of cordycepin during RNA synthesis will result in termination of chain elongation. This activity has been well described in vitro with purified RNA polymerases and poly(A) polymerases from a number of organisms, including yeast and mammals (17, 18) . Cordycepin has also demonstrated various properties, such as antitumor (18, 19, 20) , anti-fungal (21), anti-bacterial (22) and anti-inflammatory effects (23, 24) . Indeed, for centuries, Cordyceps militaris has been a widely administered traditional Chinese medicine, with cordycepin believed to be one of the bioactive components mediating its beneficial effects (16, 25) . While well known as a therapeutic agent due to its unique properties, the molecular mechanisms underlying the anticancer effects of cordycepin are not yet completely understood.
The purpose of this study was to evaluate the role of mitochondria in apoptosis induced by cordycepin, using human prostate carcinoma cells. We examined whether ROS were critical mediators of cordycepin-induced PC-3 cell death, and we determined the sequence of events leading to the activation of downstream caspases and apoptosis. The study furnishes evidence that cordycepin elicits ROS, which in turn triggers a decrease in mitochondria membrane potential (MMP), consequently leading to caspase activation.
Materials and methods
Reagents and antibodies. Cordycepin (MW, 251.2; product no. C3394), 4,6-diamidino-2-phenylindole (DAPI), dimethyl sulfoxide (DMSO), N-acetyl-L-cysteine (NAC), 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT), 5,5',6,6'-tetrachloro-1,1',3,3'-tetraethyl-imidacarbocyanine iodide (JC-1) and propidium iodide (PI) were purchased from the Sigma-Aldrich Chemical Co. (St. Louis, MO). Fetal bovine serum (FBS) and caspase activity assay kits were obtained from Gibco-BRL (Grand Island, NY) and R&D Systems (Minneapolis, MN), respectively. The DNA staining kit (CycleTEST™ Plus Kit) and enhanced chemiluminescence (ECL) kit were purchased from Becton-Dickinson (San Jose, CA) and Amersham Co. (Arlington Heights, IL), respectively. Antibodies specific for XIAP, cIAP-1, cIAP-2, Bcl-2, Bax, Bcl-xL, caspase-3, -8 and -9, and poly(ADP-ribose)polymerases (PARP) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-cytochrome c and actin antibodies were purchased from Cell Signaling (Beverly, MA) and Sigma-Aldrich Chemical Co., respectively. The peroxidase-labeled donkey anti-rabbit immunoglobulin and peroxidase-labeled sheep anti-mouse immunoglobulin were purchased from Amersham Co.
Cell lines, cell culture and MTT assay. Human prostate cancer cell lines (PC-3, DU145 and LNCaP) were obtained from the American Type Culture Collection (Rockville, MD). The culture medium used throughout the experiments was RPMI-1640 medium (Gibco-BRL), containing 10% FBS, 2 mM L-glutamine, and 100 U/ml penicillin and streptomycin. Cells were cultured at 37˚C in a humidified chamber containing 5% CO 2 . For the cell viability assay, cells were seeded in 6-well plates and treated with various concentrations of cordycepin for 24 h. After treatments, MTT working solution was added to 6-well culture plates and incubated continuously at 37˚C for 2 h. The culture supernatant was removed from the wells and DMSO was added to dissolve the formazan crystals. The absorbance of each well was measured at 540 nm with an ELISA reader (Molecular Devices, Sunnyvale, CA).
Flow cytometry analysis.
After treatment with cordycepin, the cells were collected, washed with cold phosphate-buffered saline (PBS) and fixed in 75% ethanol at 4˚C for 30 min. Prior to analysis, the cells were washed once again with PBS, suspended in a cold PI solution containing 100 µg/ml RNase A, 50 µg/ml PI, 0.1% (w/v) sodium citrate and 0.1% (v/v) NP-40, and further incubated on ice for 30 min in the dark. Flow cytometry analyses were carried out using a flow cytometer (FACSCalibur; Becton-Dickinson). Cell-Quest software was used to determine the relative DNA content based on the presence of red fluorescence. The sub-G1 population was calculated to estimate the apoptotic cell population (26) .
DNA fragmentation assay. Cells were lysed in 100 µl of 10 mM Tris-HCl buffer (pH 7.4) containing 10 mM EDTA and 0.5% Triton X-100. After centrifugation for 5 min at 15,000 rpm, supernatant samples were treated with RNase A and proteinase K. Subsequently, 20 µl of 5 M NaCl and 120 µl isopropanol were added to the samples, which were then kept at -20˚C for 6 h. Then, following centrifugation for 15 min at 15,000 rpm, DNA pellets were dissolved in 20 µl of TE buffer (10 mM Tris-HCl and 1 mM EDTA) as loading samples. To assay the DNA fragmentation pattern, samples were loaded onto 1.5% agarose gel and electrophoresis was carried out.
DAPI staining. Cells were washed with cold PBS and fixed with 4% paraformaldehyde (Sigma-Aldrich Chemical Co.) in PBS for 10 min at room temperature. The fixed cells were washed with PBS and stained with DAPI solution for 10 min at room temperature. The cells were then washed twice with PBS and analyzed with a fluorescence microscope (Carl Zeiss, Germany).
Determination of caspase activity. The activities of caspases were determined by colorimetric assay kits, which utilize synthetic tetrapeptides [Asp-Glu-Val-Asp (DEAD) for caspase-3; Ile-Glu-Thr-Asp (IETD) for caspase-8; and Leu-Glu-His-Asp (LEHD) for caspase-9] labeled with p-nitroaniline (pNA), according to the manufacturer's protocol. The cells were briefly lysed in the supplied lysis buffer. The supernatants were collected and incubated with the supplied reaction buffer containing dithiothreitol (DTT) and substrates at 37˚C for 2 h in the dark. The caspase activity was determined by measuring changes in absorbance at 405 nm using the ELISA reader.
Isolation of total-RNA and reverse transcription-PCR.
Total-RNA was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA). Total-RNA (1.0 µg) obtained from cells was primed with random hexamers to synthesize complementary DNA using M-MLV reverse transcriptase (Promega, Madison, WI) according to the manufacturer's instructions. Single stranded cDNA was amplified by polymerase chain reaction (PCR) with the indicated primers. Amplification products obtained by PCR were electrophoretically separated on 1% agarose gel and visualized by ethidium bromide (EtBr, Sigma-Aldrich Chemical Co.) staining.
Protein extraction and western blot analysis. The cells were harvested and lysed with lysis buffer (20 mM sucrose, 1 mM EDTA, 20 µM Tris-Cl, pH 7.2, 1 mM DTT, 10 mM KCl, 1.5 mM MgCl 2 and 5 µg/ml aprotinin) for 30 min. The protein concentration was measured using a Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, CA) according to the manufacturer's instructions. In a parallel experiment, cells were washed with cold PBS and scraped; cytoplasmic and nuclear proteins were then extracted using a mitochondrial fractionation kit according to the manufacturer's instructions (Activemotif, Carlsbad, CA). For western blot analysis, an equal amount of protein was subjected to electrophoresis on SDS-polyacrylamide gel and transferred by electroblotting to a nitrocellulose membrane (Schleicher & Schuell, Keene, NH). The blots were probed with the desired antibodies for 1 h, incubated with the diluted enzyme-linked secondary antibody and visualized by ECL kit according to the recommended procedure.
Mitochondrial membrane potential (MMP, ∆Ψm) assay. The MMP of intact cells was measured by DNA flow cytometry with the lipophilic cation JC-1. JC-1 is a ratiometric, dual-emission fluorescent dye that is internalized and concentrated by respiring mitochondria; therefore, it can reflect changes in MMP in living cells. There are two excitation wavelengths: at low values of MMP, it remains a monomer (FL-1, green fluorescence; 527 nm) while it forms aggregates at high MMP (FL-2, red fluorescence; 590 nm), according to the recommended procedure (Calbiochem). For this study, the cells were trypsinized and the cell pellets were resuspended in PBS and incubated with 10 µM JC-1 for 20 min at 37˚C. The cells were subsequently washed once with cold PBS, suspended and analyzed using a flow cytometer.
Measurement of intracellular ROS generation.
The generation of ROS was determined in cells treated with cordycepin in the presence and absence of NAC, and was evaluated with 5-(and 6)-carboxy-2'7'-dichlorodihydrofluorescein diacetate (DCF-DA; Molecular Probes, Leiden, The Netherlands) as described previously (27) . The cells were incubated with 10 µM DCF-DA at 37˚C for 30 min. The cells were then washed with PBS and FL-1 fluorescence was measured with a flow cytometer.
Statistical analysis. The data are expressed as a mean ± SD. A statistical comparison was performed using one-way ANOVA followed by a Fisher's test. The significant (p<0.05) differences between the groups were determined using an unpaired Student's t-test.
Results

Induction of apoptosis by cordycepin in PC-3 cells.
To investigate the effect of cordycepin on cell growth of human prostate carcinoma cell lines (PC-3, LNCaP and DU145), the cells were exposed to various concentrations (0, 5, 10, 15, 20 and 25 µg/ml) of cordycepin for 24 h and then cell viability was measured by the MTT assay. As shown in Fig. 2A , cordycepin elicited a decrease in cell viability in a dose-dependent manner in prostate carcinoma cells; notably, the cytotoxicity of cordycepin was more potent in PC-3 cells than in DU145 and LNCaP cells. Morphological analysis of DAPI-stained PC-3 cells treated with cordycepin indicated that they had undergone gross morphological changes indicative of apoptosis, including cell shrinkage, chromatin condensation and the loss of nuclear construction (Fig. 2B) . Further experiments were performed to determine if this inhibitory effect of cordycepin on cell viability was the result of apoptotic cell death. As shown in Fig. 2C , cordycepin treatment resulted in an increased accumulation of PC-3 cells at the apoptotic sub-G1 phase of the cell cycle and that this response occurred in a concentration-dependent manner. We also examined whether or not cordycepin induces DNA fragmentation, another hallmark of apoptosis. Following agarose gel electrophoresis of cells treated with cordycepin, a typical ladder pattern of inter-nucleosomal DNA fragmentation was observed (Fig. 2D) . These results clearly suggest that cordycepin-induced apoptosis took place in PC-3 cells.
Activation of caspase-3 and -9 by cordycepin in PC-3 cells.
Caspases are a family of cysteine proteases that play essential roles as important mediators in apoptosis and as determinants of the general apoptotic morphology through the cleavage of various cellular substrates including PARP, an endogenous substrate of activated caspase-3 (28). Caspase-3, a pivotal mediator of apoptosis in mammalian cells, can be activated by upstream initiator caspases such as caspase-8 or -9 through two distinct pathways (i.e., the death receptor-mediated extrinsic caspase-8 pathway or the mitochondria dependent-cytochrome c/caspase-9 intrinsic pathway, respectively) (8, 9) . Therefore, we investigated whether cordycepin induces the activation of caspases and cleavage of PARP in PC-3 cells. As shown in Fig. 3A , western blot analyses showed that cordycepin concentration-dependently induced a marked decrease of pro-caspase-3 and -9, and cleavage of PARP. In addition, to quantify the proteolytic activation of the caspases, we evaluated in vitro caspase activities using fluorogenic substrates. As shown in Fig. 3B , treatment with cordycepin significantly increased the activities of caspase-3 and -9 compared with control cells, though it did not affect that of caspase-8, suggesting a likely involvement of mitochondria-dependent cascade for caspase activation.
Modulation of Bcl-2 and IAP family and dysfunction of mitochondria by cordycepin in PC-3 cells.
Next, we examined the effect of cordycepin on the expression of Bcl-2 and IAP family members, which have been reported to play an important role in regulating apoptosis. RT-PCR and western blot analysis data showed that cordycepin concentration-dependently induced the expression of pro-apoptotic Bax mRNA and protein, whereas those levels of anti-apoptotic Bcl-2 and Bcl-xL were decreased in response to cordycepin treatment. The levels of IAP family members such as XIAP, cIAP-1 and cIAP-2 were markedly inhibited by cordycepin treatment in a dose-dependent manner (Fig. 4) . In order to assess the role of the mitochondria in cordycepin-induced apoptosis of PC-3 cells, we investigated the effects of cordycepin on the levels of cytosolic and mitochondrial Bax and cytochrome c as well as the MMP values. As shown in Fig. 5A , treatment with cordycepin concentration-dependently caused a significant reduction in the MMP value in PC-3 cells. Furthermore, exposure of cells to cordycepin led to a significant increase in the release of the mitochondrial pro-apoptotic protein cytochrome c to the cytosol and a decreased Bax level of cytosol (Fig. 5B) . In contrast, treatment with cordycepin induced a significant decrease in mitochondrial cytochrome c and an increase of Bax protein into the mitochondria, indicating a direct role of the mitochondria in cordycepin-induced apoptosis of PC-3 cells. After 24-h incubation with cordycepin, total-RNAs were isolated and reverse-transcribed. The resulting cDNAs were subjected to PCR with the indicated primers, and the reaction products were subjected to electrophoresis in 1% agarose gel and visualized by EtBr staining. GAPDH was used as an internal control. 
Involvement ROS generation in cordycepin-induced apoptosis in PC-3 cells.
Many reports have suggested that the mitochondrial apoptotic pathway is an important downstream signal of ROS in apoptotic cell death. High levels of ROS can induce apoptosis by triggering mitochondrial permeability transition pore opening, release of pro-apoptotic factors and activation of caspase-9 and -3 (12,13). Thus, to examine whether the ROS accumulation is involved in cordycepin-induced apoptosis, intracellular ROS levels were examined using DCFH-DA and flow cytometry. As shown in Fig. 6A , treatment of PC-3 cells with cordycepin resulted in a significant elevation of intracellular ROS, compared with the vehicle control. In a parallel experiment, pre-treatment of the ROS scavenger NAC, along with cordycepin, significantly reduced ROS generation as compared to the cordycepin-treated group, whereas treatment with NAC alone did not alter ROS level in comparison to control. Furthermore, blocking of the generation of ROS by pre-treatment of the cells with NAC prevented the cordycepin-induced increased accumulation of sub-G1 population, activation of caspases (-3 and -9) , and proteolytic cleavage of PARP (Fig. 6B-D) . In addition, NAC blocked modulation of Bcl-2 and IAP family proteins, loss of MMP, and translocation of cytochrome c and Bax (Fig. 7) . Taken together, the above findings suggest that cordycepin induces apoptosis via ROS generation-dependent mechanisms in PC-3 cells.
Discussion
Targeting apoptosis pathways is considered an effective strategy for cancer chemoprevention as well as therapy. Many chemopreventive agents have been found to modulate key molecules or events in apoptosis-inducing signal transduction pathways. In the present study, we evaluated the mechanisms by which cordycepin induced apoptotic cell death in PC-3 human prostate cancer cells through the generation of ROS. Our study demonstrated that treatment of cordycepin mediated mitochondria membrane dysfunction, resulting in the release of apoptotic genes, such as cytochrome c, from mitochondria into the cytosol. Ultimately, these results activate a caspase cascade and apoptotic cell death. Suppression of ROS generation attenuated this cordycepin-induced activation of caspase and subsequent apoptosis.
The process of apoptosis is controlled by a wide range of cellular signals, which can be divided into both extrinsic and intrinsic pathways. Apoptosis requires caspases activity, and caspases become active when cleaved (29, 30) . Adaptor proteins facilitate the auto-cleavage of initiator caspases (e.g., caspase-8 and -9), initiator caspases cleave effector caspases (e.g., caspase-3), and effector caspases disrupt cell function to elicit cell death. Two events signal adaptor-mediated caspase cleavage: the binding of ligand to death receptors (the death receptor pathway) and the release of cytochrome c from mitochondria (the mitochondrial pathway) (8, 9) . Death receptors activate caspase-8, whereas cytochrome c activates caspase-9. Caspase-3 is common to both pathways. When apoptosis occurs, many proteins modulate apoptotic signaling, including the IAPs and the Bcl-2 proteins. IAPs inactivate cleaved caspases; thus, they impede the apoptotic process once it has begun. Caspases targeted by IAPs include caspase-9 and -3 but not caspase-8 (31). The Bcl-2 proteins damage or protect mitochondria; types of Bcl-2 proteins are: multidomain apoptotic (Bax and Bak), single domain apoptotic (termed BH3-only), and anti-apoptotic (Bcl-2 and Bcl-xL) (32) . When receiving an apoptosis signal, Bax and Bak perforate mitochondrial membranes to release cytochrome c. BH3-only proteins facilitate activation of Bax and Bak, whereas antiapoptotic Bcl-2 proteins oppose activation. Bak is constitutively mitochondrial, whereas Bax translocates from the cytosol to the mitochondria in response to stress (33, 34) . Our results showed that cordycepin induced apoptosis in PC-3 cells, and this apoptosis was associated with increased activity of intrinsic caspase cascades, such as caspase-9 (Fig. 3) . Treatment of cordycepin also reduced the expression of IAP family proteins, such as XIAP, cIAP-1 and cIAP-2, and the anti-apoptotic Bcl-2 and Bcl-xL, whereas the expression of pro-apoptotic Bax was markedly raised in PC-3 cells (Fig. 4) . Additionally, cordycepin mediated the loss of MMP and release of cytochrome c to cytosol, consistent with mitochondria-dependent apoptosis (Fig. 5) , which was connected with the activation of caspase-9 and -3, and the concomitant degradation of PARP (Fig. 2) . Therefore, the apoptotic effects of cordycepin on PC-3 cells appeared to involve activation of the mitochondrial pathways. 
